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a  short  period  (15  min  vs  0.2  sec).  dferted^n  pr^S  °;“t 

rai  me  lowest  dose  rate  at  which  damage  has  been  det^^^^P  ^^^ghold  value  impHrt 

W/cm^  (SAR  33  mWg)  for  pulsed  ^hen  the  safety  factor  of  10  is  taken  irito 

in  the  rUults  above  is  below  the  safety  thresho  .  .  ^gg  j^gt  discernable  in  2  of  4 

ToSiuriioThe  threshold  for  should  be  conSnued  to 

rabbits  exposed  was  0.5  W/cm  ^e^old  value  implicit  in  the  results  above  is 

oermit  further  data  to  be  gathered,  since  account, 

rather  close  to  the  safety  threshold,  ^  o^er  beam  of  millimeter  waves,  pulsed 

TO  simulate  an  accidental  f 

irradiation  was  delivered  in  158  pulses  oj  20 1^  69.3  J/g.  Reducing  he 

wi  iust  sufficient  to  cause  damage  305  w/g)  resulted  in  an  enhancement  of 

S  of  delivery  of  the  158  pulses  to  0.2  sec  JAR  385  W/gH  44.  C.  Damage 

the  damage  Associated  with  this  was  a  temp  damage  at  pits  in  adjacent  areas  and 

occurred  in  an  oval  area,  and  in  caused  by  the  millimeter  wave 

neculiar  traces.  An  endothelial  bulge  indicated  gpjygtjon  of  the  corneal  stroma  was 

beam  which  weakened  the  ^o^ne^’ 

observed  in  the  damaged  area,  ^jggd^a  dimple  in  the  endothelial 

pressure  from  the  electron  beam,  which  suggests  that  further  test  need  to  be 
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l^iTpnnucTlObl  .  . 

Although  millimeter  wave  radars  ^  repo^  ®'-’ 

the  effect  of  millimeter  waves  on  the  cornea  ^  ®  ^  ^hich  is  commonly  in  use 

This  Ldy  did  not  use  the  between  similar  doses 

in  such  radars.  Because  we  have  ^“scovered  app  preliminary  experiments 

r  m&d  o«er  sWar  advantages  tor  «te  study  o, 

Sllmeter  wave  damage  to  the  cornea.  „H  conditions 

The  first  step  in  these 

for  the  SIsue  oulWre  of  corneas,  to  be  used  for  the  ex^h  Report 

Sp^urfto  millimeter  waves.  The  second  Rored  corneas  at  dWererrt 

Junfmi  under  DAMD17-80-G-9480  was  to  rouble  me  incubation  at  elevated 
temperatures  in  ‘^ed  ^  our  tnu^  Report,  June  1982 

temperature  on  the  cornea.  The  mird  ^g  .  P  .  to  test  the  effect  of  exjMSing 
Sct  DAMD17-8CPG-9480  and  .DAMD17-82-C-2m  8,J^s  as 

incubated  corneas  to  non-ionizing  radiation,  appropriate  millimeter  wave 

sr  ^ptr  wSv;  vS  L^Sn^ j::,crern“ 

:rvK -re“  (June  1983)  fot  DAMD1 7-82-0-201 8. 

In  fhe  imerim  period  ^es  «nP  P'®  °n®Xch  to  puls^ 

Jxpofure  reve":Ssi^  to 

morSrtoS^rer  apprlxlntoely  2.9  W  .'lidotop^meLl^ 

%  mW/om^  condition,  biA^e  the  effects  did  not  appear  to  be 

:'T  “— »» 

computerized  camera. 
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A  computerized  paohomet^ 

thickness  to  be  obtained  before  slit-lamp  biomicroscopy,  and 

Photographic  recording  of  is  combined  with  real-time  video 

rir^'ss'ssr.sES- 

measure  of  the  de-epithelialization  of  areas  or 
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k/iatfrialS  ANP  methods 
Hiitiinfi  of  Details 

frnimal  Handlinfl 

New  Zealand  white  *ere  “se^  ItlfwatefRe^^y  iSSe  Rematch 

of  western  Ontario  Animal  Quarters  ^d«  the  anesthetized  using  ket^me  - 

(WRAIR).  For  in  ^Vo  irradiation  at  the  WF^ia^^  ^3^3  details  below), 

rompun  (xylazine)  prior  to  and  ^unng  thermographic  camera  and  when  desired 
Corneal  temperature  was  monitors  9  corneal  surface.  Irradiation  was  performed 
ma  ntained  by  a  current  of  moist  air  across  the  period  of  latency. 

iTs^b  Jbelow.  Following  S?’ 

rabbits  were  reanesthetaed  (see  ™  discomfort.  At  the  end  of  the 

Analgesia  was  provided  ®  *  la  with  pentobarbitol,  230  mg/kg.  The  ^es 

experiment,  rabbits  were  ®  being  rareful  not  to  damage  the  epithelium 


Anesthesia 

iniected^lSa^X^  iSng‘anL7U 

temperature. 

Materials  and  Methods  .  o  i  h 

The  anesthesia  conditions  vvemtes^^^eUmem^^^^^^^^ 

millimeter  wave  exposures  P'®“  (re^uency  of  35  GHz.  The  exposure  conditions 

in  Building  40.  All  ^I^  Ser  and  total  dose  required  for  perceptible 

..eoH  rrable  1)  expored  duration,  peax  powtsi 

will  ^  latency,  in  a  preliminary  way. 

fn  uivn  Irradiation 

New  Zealand  white  male  '^^^'^^^l^g^JcoretruttedT^eS^^  and  nylon 
special  focusing  antenna  in  ®  ®P®“f  H  nosition  (Fig.  1)  during  the  15  min  period 
parts  which  maintained  their  ^  (g^gg  block  of  styrofoam  by  strong  plastic 

of  irradiation.  The  carrier  w®s  fes  eye^proximately  coincided  with  the  ^is  of 

EssriJSSs, ..  -"sssr.s;r.s,r.si 
y  “  » »»««"  '“*• "  • 

camera  (AGA  Thermovision),  see  below. 
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pF.Ql  11 TS  PISCUSSIOM 

These  results  represent  the  first 

contact  applicator,  and  thus  do  not  suffer  P°  cornea  would  experience  similar 
"  tSoato4  used  in  source  (i.e.  surface 

t^or  "dtrage  which  occurs  can  be  documented,  ft  was 
necessary  to  devise  methods  for  the  following. 

a  lamp  biomicroscopic  examinafton  of  the  rabbfts  and  photographic  recording 
of  the  results. 

Anesthesia.  ^Jsing  thermographic  camera  ana 

Measurement  of  ®  _„xion  ^ate)  during  irradiation  by  35  GHz  waves, 

calculation  of  SAR 

Smp"Sie°^z"rrg  by  pachimet^  of  thi^ess  of  cornea. 

SSon'f^rSo'e't^^^^^^  SEM,  end  TEM. 

Reproducible  examination  of  samples. 

Classification  of  types  of  b®nage.  , 

Quantifioation  of  damage  using  Zeiss  videopian 

I  amn  BlomIcfoscoPY. 

We  have  used  this  technique  to  ^^eMrradi^^^^ 

Zeiss-sift  lamp  both  coupled  with  photography  and  pachometry 

S^rrpl^dr  “u^a^  Charges  in  corneal  thicftness. 

2  Anesthesia 

Experiments  wfth  anesthesi^f 

abolished  reproducibly  for  the  ^b^n  slowly  towards 

■SSSSJSSS,  Sltsat.  1«». 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

1. 


ll,  Wl  I  ¥¥  w  - - 

3  KteasUiemSDtotfiS^^ 

Figure  1  illustrates  the  rabbit  head  “Pl^^^i^retmpefafom^^ 
photogrlphy  systeri  equipped  vnth  a  BMC 

cornea  was  measured  using  an  A  disco  2  0.1  system  (Gesotec,  Federa 

Smputer  analysis  system  programme  using  the^^^^^.^  y^^  ^  a, 

Republic  of  Germany),  for  '^9®  A  relatively  flat  oblong  plateau  at  the 

temperatures  (Fig.  *?««  C^ifo^iad  central  area  of  the  cornea  rising  steeply  from 

maximum  temperature  (32  C)  o  weo  m  ^  e. 

the  lower  temperature  at  the  bottom  and  me  rap 
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Phantom  SAR  studies  for  millimeter  wave  irradiation 

+hia  tomnpraturG  distribution  imnriGdiatGly 
(a)  spot  size:  Thermographic  .mages  of  ih^em^  ‘  as  an 

before  and  after  millimeter  *®''® ^  ohantom.  Here  the  most  significant  surfece 
oblong  rounded  spot  within  the  ^nte  a-e-processing  was  used  to  analyse 

temperature  elevation  '  (indudlna  vertical  and  horizontal  linear-scan  prrrtles) 

the  thermographic  subtraction  im^e(i  x®.  -xjgi  final  temperatures  found  on 

M  was  obtained  following  s^htrartion  of  inijal^^m^ 

exposure  to  the  millimeter  w^e  "'J^'^^j  J’  ated  smooth  curves  with  no  apparent  tot 
thS  passed  through  the  center  of  the^ot  (Fig.  5a,  b).  The  spot  size  of  the 

spots  or  sharp  inaeases  in  ^ajre  rise  during  irradiation  was  defined  by 

region  that  experienced  a  "’®®®®^^f^PpeSLre  rise  was  one  half  of  the  ^mum 

using  the  width  of  the  area  '«^®'^®.^®*^i^®[edfetanoe  across  the  corneal  surface  was 

value  of  the  peak  temperature  nse.  Th  omera’s  spatial  display  with  a  heated  me^ 

estimated  by  calibrating  the  thermographcc  .  .  oamera-to-sub)ect 

retmrito  object.  This  mcdangular  o^^ j^sjrogto 

distance  as  the  °®™^''°^"’^'??e\nrizortal  widths  of  the  millimeter-wave  heat  spot 
experiments.  Using  this  aPP™®"*;  f  n  7  cm  mo  5a)  when  the  phantom  was  surface 
on  the  phantom  were  found  to  be  0.  ^  ^  «mtenna  When  the  phantom  surface  was 

positioned  at  the  focal  point  of  the  ®PQni  the  antenna’s  focal  point,  farther 

olaced  at  distances  of  2.5  cm  (Fig.  5d)  an  heated  spot  were  1 .25  cm  and 

&e  axis  Of  propagation  the  spots  were  1  09  cm 

Sr  rs  r r  Toir rr  poim.  a  0...  s.ed 

spot  was  estimated  for  the  rabbit  eye  (Fig.  6,7). 

Peak  SAR  values  for  cornea  and  phantom 

The  peak  SAR  was  ®®f']['®*.^  n^Tre 

oeak  of  the  temperature  plot.  The  irradiated  objects.  Since  the  tissue 

approximations  for  the  value  high  water  content,  the  specific  heat  aito 

of  the  cornea  and  the  cucumb^  ha  tu-,  J^nnroyimation  the  spatial  peak  SAR  values 
mass  density  of  water  were  used.  *'®  ^®'^age  mdiated  pljwer  of  4W)  were  1 .1 

calculated  for  the  phantom,  *°  ®  r  oTAe  ±  0.3  mW/g  per  mW/sq  cm  of 

W/kg  per  Watt  of  average  transmitted  ^  ^  ^  aget,  ^  obtain 

radiated  power.  For  the  rabbits,  an  ave  g  -mittpri  oower  or  1  43  ±  0.34  mw/g  pat 
an  SAR  v^  1.1  W/kgper  Wa^  aver^^ttto  ^^^dp  ®°";®®  °'*® 

mW/sq  cm  of  radiated  power.  ^®®®/®®^„_minallv  identical.  For  this  reason,  it  appears 
rabbit  and  in  the  phantom  a  useful  and  practical  alternative  to  the  sacrifice 

that  use  of  a  cucumber  as  phantom  preliminary  experiments  involving 

of  rabbits.  This  is  especially  j"®  P^ct  Ug  irradiated,  and  for  the 

determination  of  the  and  spatial  distribution).  Also,  the  use  of  the 
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permitting  effects  of  ^er 

in  turn,  enabled  higher  signal  to  noise  ratios 

thermographic  data. 

4  Cooling  by  Air  Royv 

„ .  r»- 

botUe  containing  water  on  the  rabbit  eye,  the  relative  humidity  of 

of  released  air  (20”C  “S^w  rrtes  were  used,  resulting  in  differential 

tt,e  air  was  80%  or  greater,  f  J^J^e  at  pump  corresponding  to  16.9 1/min 

cooling.  At  a  particular  flow  [J®  P®;P;“Xn  was  a  linear  function  of  the  incidem 
?he"2r1i^w“  increased  wflh  no  heaflng,  the  temperature  decreased 

linearly  with  increased  flow  rate  (Fig.  8). 

Influence  of  power  applied  and  air  flow  on  corneal  heating 

Millimeter  wave  heating  by  temperature  of  the 

of  air  flow.  Increasing  the  of  the  applied  power 

hottest  point  on  the  corneal  surface  wh  ^  The  addition  of  air  cooling 

(Fig.  9).  within  the  range  of  ^  a  g^en  level  of  radiated  power  used  for 

resulted  in  a  lower  increase  in  ®  ^  earlier  findings  from  the  corneal 

heating  the  cornea.  This  the  absence  of  millimeter  wave  irradiation.  M 

cooling  experiments  that  were  perform  radiated  power  level,  the  amount  of 

the  air  flow  rate  was  '"^''®^SfJaLr  ^r  flow  rates  resulting  in  the  obse^^^^^ 

temperature  rise  decreased  with  ^  cm  was  identical  to  that  with  34 1/min 

rfe." 

W/sq  cm. 

5  Pachi  iiTintry  Mch"  -mr^  ^  <^'’®®®'  M^SP^ 

Dr.  A.  Cullen  has  arranged  r^orTthe  reading  and 

^rg°e*?“-1ve  Sng?to  9^®  ®J-!‘ 

possible  to  e®*'"'®*®  P'*'®''®"®®Lg®*^®p^-“ente  no  increase  between  initial  and  W 
to  an  accuracy  of  1  ^im.  In  later  p  irradiation  For  this  reason  it  was  decided 

for  corneal  swelling  to  occur. 

6.  pivfltinn  of  Corner 

The  corneal  ®P'*P®'i“"'*?®  P''^'“®^pif'Aftera*2°3  m^^  P®'*®'*' 

Tomea  wa^  ^^iSth" -'®- ^  ^  "" 
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7  nt RomeP° Fvamlnafon hy SFM  W ancITBi 

Figure  10  shows  the  diagram  of 

examinaMon  by  Soanni^ng  3®=*™"  are  removed  (see  below)  and 

Transmission  containing  fixative 

opposing  segments  (1  &  3  or  2  &  4)  are  p'  g  ^  ^  3  ^g^e  used  to  view  epithelial 

or  cacodylate  buffer.  Where  surfaces.  The  sections  were  procespd 

surfaces,  the  sections  2  &  4 ® .  through  alcohol  series  and  critical  point  drying, 
in  the  usual  manner  for  SEM  (^ehydraf'on  tn  g  pa,r,t^ 

Ihen  afterwards  attached  to  the  equatorial  zone  was 

and  spattered  with  gold  palladium).  marked  bv  a  diagonal  cut.  After  both  anterior 

put  away  as  sample  C.  The  nasal  area  w^  „m®sWps  were  taken  from  the 

and  poLrlor  halves  of  the  cornea  «®'®  ^  ™  central  area.  ^ 

middte  and  labelled  A  and  B.  As  before  ^lag^  jgM  They  were  posfflxed  in  1%  ^mic 
B  C  were  processed  as  appropriate  fo  _„nflred  for  embedding  in  Epon  or  Spurr 
adS  for  2  hours,  washed,  f P;Xng  Sps  d 

resin.  After  the  final  stage  <rf  resin  sharp  blade.  The  cut  pieces  ofkssue 

piece  of  dental  wax  and  out  in  1 .5  mrh  Nooks  V  P  ^  diagonally  out  end. 

SIL  embedded  in  numbered  flat  emb^drng  ^  being  studied  to  be 

This  enabled  the  location  out  where  appropriate  from  alternate 

rr:"b»nr' * 

Se^d^l^i  u^rirse"  onr:Se"c«ttoVsnrdied  later  (not  done)  under  TEM  after 
staining  with  uranyl  acetate  and  lead  citrate. 


8. 


si  By  SEM:  The  corneas,  dissected  as  “'“f^^ghed  "I'sOoVlToO  m  aS 
systematically  on  the  stub;  thr«  both  ep'rthelial  and  endothelial 

2000  m  from  the  solera  (See  Fig.  ^  completely  along  these  lines  and  3  pictures 

surfaces.  Initially  each  speamen  was  s^ned  romp  V  as 

taken  at  three  randomly  *0°^  s?^nx  m^percent  of  the  area  occupied  by  lesions 
indicated  by  Dr.  Michael  oiuld  be  compared;  at  1000X 

could  be  assessed;  at  5MX  “le  I'SW  however  such  extensive  photography  was 

the  state  of  the  cell  border  “““  ^®  o^iiSire  at  each  of  the  3  viewing  lines 

very  expensive.  It  was  '•’f  ®'°^  aLothe^^^^  after  a  visual  inspection  and  conscious 

at  500X  for  epithelial  and  1000X  for  endotnei  ,  condition  at  that  view 

decision  to  photograph  one  ®P®*  Talu^eTSng  a  ccmputerfeed  Zeiss  videoplan 
line.  The  pictures  thus  obtained  w®™  ®^®'  md  standard  deviation,  as  well  as  cell 

TOUld  be  found  and  corneal  comparisons  made. 
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b)  I  M  and  TEM  Think  and/Thin  Sections 

9_  Types  of  Damage  Found 

a)  irr.dia.ion  n  will  ^ 

r^W^d  no  found  in  experiments  ana^sed  by  fltls  flme 

that  the  moist  airflow  was  damaging  the  cornea. 

in  the  original  notes. 

b)  SEM:  CO  Visual  library:  During  the  asse^mert 

various  degrees  of  damage  "®''®  I  i  (a)  -^single  cells  missing,  appear 

given  to  indicate  degree  0^  damage  N  No^  ceiiwas  (Fig.  11); 

lifted  whole  from  surface  leaving  cooked  ^  of  single  cells  running 

(b)  numerous  cdls  'l^®>!°(I'^®as  ling  e  ce  Is  running  together,  like  to  Type 

Wllb*  extensflre  a-c  (Fig.  11c).  Type  III: 

Whole  area  of  500X  photo  is  damaged  (Fig.  11d). 

(ii)  Videopian  assessment  of  percent  damage  as  a  fun^^°"  ^  numbeV'rf 
shows  the  percentage  of  epithelial  cells  qq^  ^^^Jj^^^^^ous  predetermined  lines 

cells  visualized  at  a  on  the  corneal 

‘S  ZoS'arTt  X^rtarn  exceptions  (rabbi.  #3,  rabbit  #49)  the 
une^secriircor^la  acted  as  a  good  conflol  to  the  expenment. 

exposure  conditions  at  similar  total  input  energy. 

of  damage,  presented  in  order  2b)'in^addition  to  lifting  cells,  the  outer 

cells  lifting  off  as  shown  by  arrow.  J  u  .^g  apparently  heavily  damaged 

epithelial  cells  have  groups  of  darkly  s  cornea  (Fio  12c)  with  more  severe  cell 

rr;;trncrurrr^eMsj=^ 

rr  ^prai^i^s^^^^  —  ->• 
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HE“3:%^SiSSS 

SSS^sSSsSS 

different  for  pulsed  as  compared  to  CW  irradiation.  Kues  et  al 

different  T^  P  total  dose  in  Joules  between  our  work  and  that  of  Kues  et  au 

isS.»C’rrrr-rs;srrsri« 

detectable  damage  was  found. 

irradiated  area  of  9.5»C  in  rabbit  118,  ®.c“e"tre  linage 

PeaK  SA^  C  22  KW/g. 

damage  observed  as  great. 

in  the  irradiated  area,  damage  observed  by  a“"™"9  ™cro^py^urre^h  ^ 
oval  area  positioned  across  the  border  between  quadrart  1  an  , 

beamin  the  scanning  microscope,  which  produced  a  dimple  in  the  bulge  (Rg.  )• 

By  light  microscopy  of  thick  plastic  sections  in  the  °''alf  ea  no  epithe^ 

^  ^  I  I  M  ^  T A  p•^  \A/hiip  st  th©  borci©rs  of  th©  ©r©©  finQ©r  iiK© 
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from  tension,  to  form  the  underlying  support  of  these  cells,  while  retaining  its  layered 
Structure  (Fig.  17E). 


CONCLUSIONS 

This  study  has  been  an  introductory  survey  of  corneal  effects  of 
GHz  millimeter  waves  and  a  comparison  with  damage  by  continuous  wave  (CV^  at  s  mjar 
avemge  powers  and  defined  specific  absorption  rate  (SAR)  values.  Based  on  these 
results  it  is  recommended  that  animal  handling  be  minimized  and  air  f  P®' 

lower.  Use  of  the  left  cornea  (unirradiated)  as  control  seems  to  be  appropriate  p  g 
no  damage  occurs  during  animal  handling. 

Several  findings,  although  they  require  further  ranfirmation,  should  be  nrte^^^ 
potentially  important  for  safety  standard  revisions  which  may  eventually  be  contemplated 
by  regulatory  authorities; 

(1)  the  damage  observed  using  pulsed  irradiation  appears  to  be  greater  than  for  CW  at 
similar  average  powers. 

(2)  the  damage  appears  to  increase  as  the  Irradiation  is  modulated  by  pulsing  at  the 
same  average  power. 

(3)  The  threshold  for  CW  irradiation  at  which  damage  was  just  discernable  in  2  of  4 
rabbits  exposed  was  0.5  W/cm^  (SAR  550  mW/g). 

(4)  the  lowest  dose  rate  at  which  damage  has  been  deteded  in 

is  0  03  W/cm^  (SAR  33  mW/g)  for  pulsed  irradiation  for  15  min  exposure.  The  threshoW 
vaii^mpS  in  the  results  above  is  below  the  safety  threshold,  when  the  usual  safety 
factor  of  10  is  taken  into  account: 

The  lowest  average  power  Investigated,  which  produced  significant  damap  for 
pulsed^rLiation.  was  0^03  W  incident  power  (spatial  peak  SAR  33  mW/f 
value  exoressed  as  power  density  over  a  1 .3  cm  diameter  spot  is  approximately  0.3/1 .327 

cm^  =  0?)226  mW/cm^  which  is  only  a  factor  of  4  above  safely  ^ial 

body  irradiation  at  this  wavelength  and  also  a  factor  of  4  above  the  local  SAR  ( partial 

body  exposure")  safety  limits. 

(SS  The  finding  that  damage  appeared  more  extensive  for  pulsed  (modulated)  than  CW 
i^adTa^n  a?"sSl  average  powers  suggested  that  our  previous 
damage  from  pulsed  than  CW  irradiation  also  is  true  at  35  GHz  as  well  as  at  0.918  GHl 
More  work  is  required  to  accurately  quantify  the  factor  by  which  the  damage  is  increased 
b mZISon  of  the  irraSon,  Snd  to  explore  the  ^ect  o' Pjf  ® 
exDosure  duration  average  power,  temperature  elevation  and  air  cooling  on 
ob^rved.  Further  work  is  needed  to  investigate  the  effect  of  lower  powers  of'"®® 
d^age,  to  determine  whether  significant  damage  occurs  at  lower  power  levels,  and 
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whether  the  threshold  is  different  for  pulsed  as  compared  to  CW  irradiation. 

(6)  Comparison  of  total  dose  in  Joules  between  our  work  and  that  of  Kues  et  al. 

1985)  reveals  a  striking  similarity  between  conditions  he  found  ^ 

microwaves  (150  J/kg)  and  our  exposures  54  J/kg  at  the  minimum  level  at  which 

detectable  damage  was  found. 

(7)  Although  modelling  (158  pulses)  at  approximately  twice  the 

a  9  second  period  was  expected  to  result  in  a  similar  'emperatjre  elevation  {a5  C). 
much  less  damage  was  observed  for  this  period  of  irradiation.  The  damage  obse^ed 
when  the  same  dose  was  delivered  over  approximately  0.18  seconds  which  would  be 
exoected  to  result  in  about  the  same  temperature  increase,  was  significantly  increased, 
as  was  the  biological  effect,  causing  the  animai  even  in  stage  4  anesthesia  to  jump,  close 
its  eye  and  vocalize  to  avoid  the  discomfort  elicited  by  the  series  of  pulses. 

What  could  account  for  this  difference  in  extent  of  damage  and  the 
overcoming  stage  4  anesthesia?  Physiologists  with  whom  we  have  consulted  'nd'cate  that 
the  steepness  of  the  slope  of  the  temperature  increase  cunre  could  have  triggered  a 
reflex  response  resulting  in  the  involuntary  jerk  of  the  rabbit  head,  ju^  as  a  rapi^d  reflex 
rf^ol^exol  burn  on  a  finger  in  a  human  causes  us  to  involuntarily  jerk  away  because 
of  the  rapid  temperature  increase.  A  similar  reflex  eye  closing,  jumping  an  . 

deep  anesthesia  has  been  reported,  in  response  to  the  intraocular 
application  to  the  cornea  of  capsaicin,  the  active  principle  of  red  peppers  (Capras  and 
Bito,  1980).  The  reflex-stimulating  injection  was  previously  attributed  to  depletion 
Substance  P  in  nerve  endings  (Jessell,  Iverson  and  Cuello,  1978). 

The  effect  of  destruction  of  the  corneal  epithelium  and  the  associated  thermoplastic 
transduction-induced  pressure  wave  are  very  reminiscent  oHhe 
occurring  in  the  now  common  operation  to  correct  vision  using  excimer  laser.  In  the  la 
^reXxcimer  laser  pulse  £so  generates  a  pressure  shock  wave  during  the  abWion 
of  the  corneal  tissue,  by  the  same  process  of  thermoelastio  transduction  of  energy,  and 
as  well  causes  localized  heating  of  the  corneal  epithelium  and  stroma. 

This  result  suggests  that  it  may  be  important  to  consider  the  actual  duration  of  the 
exposure  to  pulsed  millimeter  radiation,  since  shortening  the  period  over  which  the 
exposure  is  delivered  may  increase  the  damage  even  though  the  total  energy  delivered 
and  the  temperature  elevation  attained  do  not  differ  from  longer  durations  of  exposure. 


.Summary  nf  Dverall  Conclusions  from  These  Experiments. 

1 .  The  higher  the  wattage  the  greater  the  damage  to  the  cornea. 

2.  At  higher  wattages  the  damage  area  seems  confirmed  to  the  central  region  at 

which  the  millimeter  waves  are  targeted.  •  *u  «  n\hi  -at 

3.  Miilimeter  waves  modulated  by  pulsing  seem  to  be  more  damaging  than  CW  at 

similar  average  powers. 


4.  Handling  of  the  animals  should  be  kept  at  a  minimum  as  damage  results  easily. 

5.  The  left  cornea  can  be  used  as  a  control  but  there  may  be  background  damage 
due  to  handling  which  must  be  taken  into  account. 

6.  The  threshold  exposure  for  15  minute  exposures  occurs  at  a  value  of  the  SAR  of 
550  mW/g  for  continuous  wave  millimeter  waves,  and  at  a  much  lower  value  for 
pulsed  millimeter  waves,  33  mW/g,  a  factor  of  approximately  15  fold  difference 
between  the  two  modes. 

7.  The  modelling  of  accidental  exposure  to  millimeter  waves  indicates  that  the  period 
over  which  the  pulses  are  delivered  may  play  a  critical  role,  even  though  the 
temperature  increase  to  44.5®C  is  less  than  10®C  above  the  normal  corneal 
temperature,  a  temperature  which  it  is  possibie  to  encounter  in  terrestrial 
environments  such  as  the  heat  waves  occurring  in  India  and  Pakistan  in  the 
summer  of  1995. 
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i 

1 

i 

i 
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NOTES  TO  TABLE  1 

Columns.’^  (when  blanks  appear,  data  not  available:  SH  signifies  sham  or  N.D.  or  "X"  -  not  done 
Rabbit  Number.  Gives  number  of  rabbit. 

Air.  If  air  was  used,  the  number  following  the  A  expresses  the  air  pressure  in  pounds/in^  (P-s.i.)  used  to  cool  the 
cornea.  10  psi  gave  a  flow  rate  of  16.9  l/min. 

Time/W  gives  the  time  of  irradiation  multiplied  by  the  average  power  in  watts. 

E(toted)  Joules/kg  gives  the  energy  absorbed,  calculated  using  the  specific  absorption  rate  calculated  in  the  text: 
1  W  irradiated  power  corresponds  to  a  S.A.R.  of  1.1  W/kg. 

Peak  Power  W  gives  the  peak  power  of  the  source  pulses  at  the  transmitter. 

PW  (Pulse  Width)  is  the  pulse  duration  in  /j  seconds. 

Peak  SAR  (Kw/Kg)  gives  the  calculated  SAR  corresponding  to  the  peak  power  measured  at  the  transmitter. 
E/pulse  Joules  gives  the  energy  in  joules  per  pulse. 

AvSAR  W/kg  gives  the  average  SAR  over  the  time  period  used  for  irradiation. 

aT*  C  -  When  the  measurement  was  available  the  increase  in  temperature  (final  -  initial)  on  irradiation  is  recorded. 
Although  all  the  data  is  stored  on  discs,  financial  and  time  constraints  did  not  permit  all  termperature  increases 
to  be  printed  out  for  inclusion  in  the  table. 

Damage/%  -  Indicates  the  grade  of  damage  (when  grading  was  performed)  and  %  indicates  the  percent  of  the 
observed  area  which  was  damaged  by  observation.  N.D.  signifies  not  done,  and  X  or  blank  signifies  that  data 
are  not  available.  Grades  Normal  and  l-IV  are  described  with  criteria  in  the  text. 
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TABLE  2 

COMPARISON  OF  THRESHOLDS  FOR  SPECIFIC  ABSORPTION  RATES  AND  INCIDENT 
IRRADIATION  LEVELS  FOR  MILLIMETER  WAVE  DAMAGE  FOR  PULSED  AND 
CONTINUOUS  WAVE  IRRADIATION 


IRRADIATION 

CONDITIONS 

EXPOSURE  (SAR) 

NUMBER  OF  RABBITS 
EXHIBITING  CORNEAL 
CHANGES.  OF  TOTAL(T) 

CONTINUOUS  WAVE 
(CW) 

0.5W/Cm2  (550mW/g) 

2  OF  4 

PULSED  (P) 

0.03  W/Cm^  (33mW/g) 

2  OF  4 

FIGURE  LEGENDS 


Fig.  1 
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Overview  of  rabbit  in  holder  in  front  of  antenna  in  exposure  chamber. 

(a)  View  from  front  of  antenna  showing  rabbit  in  carrier  in  front  of  round 
focusing  antenna  with  eye  positioned  2.5  cm  behind  focus  of 
antenna. 

(b)  View  from  side  of  antenna  showing  typical  view  of  right  side  of  rabbit 
head  as  visible  using  video  camera  and  thermographic  camera. 
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Fig.  2  Typical  images  and  thermal  profiles  of  rabbit  head  in  region  of  the  eye, 

obtained  using  different  representative  techniques. 

(a)  Photography 

(b)  Thermographic  image  using  AGA  Thermovision  camera,  range  20® 
Celcius. 

(c)  Map  of  temperature  profiles  of  right  side  of  rabbit  head  in  the  region 
of  the  eye.  The  temperature  profiles  were  obtained  by  graphing  the 
temperatures  along  lines  drawn  at  constant  vertical  intervals  across 
the  map  of  the  rabbit  head  temperatures. 
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Fig.  3 


Typical  images  and  thermal  profiles  of  rabbit  head  in  region  of  the  eye. 
Obtained  using  different  representative  techniques. 

(b)  &;t^etouimpe“pS^^^^  divteion  between  the  temp^al 
freiSand  the  nasal  (front)  two-thirds  of  the  eye  (column  62)^ 
(0  ;e"rS<S  temperature  profile  at  me^^n  b^een  m 

nasal  (front)  third  and  the  temporal  (rear)  two-thirds  or  tn  y 
(column  75). 


temperature  (“0)  temperature  (“c) 


Fig.  4  Temperature  images  and  graphs  of  profiles  of  the  heating  of  the  corneal 
phantom  by  the  focused  beam  of  millimeter  waves  from  the  antenna. 

(a)  Overall  image  using  thermal  profile  plot  of  final-initial  temperature 
subtraction  image.  The  temperature  differences  (before  irradiation 
subtracted  from  after  irradiation)  at  each  point  of  the  thermographic 
image  were  plotted  as  a  series  of  temperature  profiles  illustrating  the 
spot  heated  by  the  millimeter  wave  beam  at  the  beam  focus. 
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Fig.  5  Temperature  images  and  graphs  of  profiles  from  Fig.  4  above  of  the  heating 
of  the  corneal  phantom  by  the  focused  beam  of  millimeter  waves  from  the 
antenna. 

(a)  The  horizontal  profile  of  temperature  differences  (final-initial)  through 
the  peak  at  the  maximum  temperature  reached  when  the  cucumber 
at  the  position  of  the  beam  focus  was  heated  by  the  beam  at  an 
average  power  of  4  W  using  8  pulses  of  100  jjsec  and  20,000  kw 
peak  power  for  2  sec  total. 

(b)  The  vertical  profile  through  the  peak  point  of  maximum  temperature 
difference  (final  -  initial)  reached  when  the  cucumber  was  heated  by 
the  millimeter  wave  beam  as  in  (a)  at  an  average  power  of  4  W. 


a> 


Distance  (mm) 
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Fig.  6  Thermographic  images  and  graphs  of  profiles  of  the  temperature 
differences  (final  -  initial)  of  the  rabbit  cornea  heated  by  the  focused  beam 
of  millimeter  waves  from  the  antenna. 

(a)  The  temperature  differences  (before  irradiation  minus  after 
irradiation)  at  each  point  of  the  thermographic  image  were  plotted  as 
a  series  of  temperature  profiles  illustrating  the  spot  heated  by  the 
millimeter  wave  beam  at  a  position  2.5  cm  back  of  the  beam  focus. 
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Fig.  7  Thermographic  images  and  graphs  of  profiles  from  Fig.  6  above  of  the 
temperature  differences  (final  -  initial)  of  the  rabbit  cornea  heated  by  the 
focused  beam  of  millimeter  waves  from  the  antenna. 

(a)  The  horizontal  profile  of  temperature  differences  (final  -  Initial) 
through  the  peak  at  the  maximum  temperature  reached  when  the 
rabbit  eye  at  the  position  2.5  cm  back  of  the  beam  focus  was  heated 
by  the  beam  at  an  average  power  of  3  W  using  pulses  of  10  jisec 
and  22  kw  peak  power  for  1.5  min  total. 

(b)  The  vertical  profile  through  the  peak  point  of  maximum  temperature 
difference  (final  -  initial)  reached  when  the  rabbit  eye  was  heated  by 
the  millimeter  wave  beam  as  in  (a)  at  an  average  power  of  3  W. 

(c)  The  vertical  profile  along  a  line  V3  of  the  temporal-nasal  distance 
across  the  rabbit  eye  following  heating  as  in  (b). 
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Fig.  8  Cooling  of  the  cornea  by  air  flow.  Change  of  temperature  (cooling)  during 
the  first  ten  seconds  of  cooling  air  flow  at  different  air  flow  rates. 


Air  Flow  Rate  (1/min) 
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Fig.  9  Temperature  as  a  function  of  power  applied  using  continuous  wave 
millimeter  waves  of  frequency  35  GHz,  and  dependence  of  temperature  on 
rates  of  air  flow  in  cooling  apparatus. 

(a)  Dependence  of  temperature  elevation  at  point  of  maximum 
temperature  increase  on  power  density  in  W/cm^ 

(b)  Dependence  of  the  temperature  elevation  on  the  air  flow  rate  at 
constant  power  density.  Note  similar  slopes  of  lines  obtained  for 
different!  powers,  showing  similar  decrease  in  temperature  with 
increases  in  air  flow  rate. 
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Dissection  of  cornea  for  SEM,  and  TEM  after  irradiation  in  diagramatic  view, 
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Fig.  1 1  Scanning  electron  microscopy  visual  library  of  corneal  damags  for  millimeter 

wave  treated  rabbits. 

(a)  Control  cornea  from  the  left  eye  of  a  rabbit  after  millimeter  wave 
exposure  only  on  the  right  eye  but  illustrating  light  (1)  and  dark  (2) 
cells.  Note  the  crater  like  spots  normally  found  on  the  surface  of  all 
cells  even  in  normal  animals,  (b-d)  below  show  increasing  degrees 
of  damage  to  the  corneal  epithelial  cells  seen  on  the  right  eyes  of 
three  separate  millimeter  wave  treated  rabbits. 

(b)  Type  I  -  Epithelial  damage  in  which  a  track-like  array  of  single  cell 
damage  is  observed.  Cell  damage  appears  due  to  both  cell  lifting 
and  apparent  heat  coagulation  (d).  (Partial  FSSD). 

(c)  Type  II  -  Area  of  epithelial  damage  is  increased  to  include  apparent 
groups  fo  cells  (5-8  cell  total).  Similar  heat  coagulated  as  in  (b). 
(Partial  FSSD). 

(d)  Type  III  -  Extensive  areas  of  epithelial  damage  and  apparent  heat 
coagulation  are  seen.  Damage  extends  to  cover  standard  screen 
area  at  standard  500X  magnification  (FSSD). 
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FIGURE  1 1 
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Fig.  12  Cross  section  of  millimeter  wave  treated  rabbit  corneas  showing  varying 
degrees  of  damage  in  the  epithelial  layers  (EP),  the  apparently  normal 
underlying  stroma  (5)  and  where  appropriate  areas  of  degeneration  (D). 

(a)  Occasionally  the  lower  epithelial  layers  appear  darkly  staining, 
indicating  more  degeneration  (D)  than  in  the  outer  epithelial  layers 
(EP). 
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Fig.  13  Cross  section  of  millimeter  wave  treated  rabbit  corneas  showing  varying 
degrees  of  damage  in  the  epithelial  layers  (EP),  the  apparently  normal 
underlying  stroma  (5)  and,  where  appropriate,  areas  of  degeneration  (D). 

(a)  The  outermost  epithelial  cells  are  lifting  off  singly  as  shown  by 
arrows. 

(b)  In  addition  to  single  cells  lifting  off  (—>>),  there  are  groups  of 
darkly  staining  degenerating  outer  epithelial  cells  (D). 

(c)  Larger  areas  of  cornea  are  involved  and  varying  degrees  of 
degeneration  of  the  epithelial  layers  is  seen;  in  some  areas  varying 
numbers  of  epithelial  cell  layers  are  lost,  at  places  exposing  the 
stroma  (EX). 


Fig.  14  Thermographic  images  of  modelling  of  accidental  exposure  to  millimeter 
waves. 

(a-b)  Thermographic  imaging  indicated  a  maximum  increase  in 
temperature  in  the  irradiated  area  of  9.5 ®C,  from  the  normal  rabbit 
corneal  temperature  of  approximately  34.5® C.  Severe  damage  was 
caused  by  the  0.18  sec  exposure  to  158  pulses  of  20  /isec,  at  a 
spatial  peak  SAR  of  22  KW/g. 

Each  of  2  rabbits  moved  their  heads  and  closed  the  irradiated  eye 
after  irradiation.  Thermographic  imaging  indicated  an  increased 
temperature,  to  no  more  than  44®  C,  from  the  normal  corneal 
temperature  of  34.5®  C. 

(a)  Subtraction  image  of  rabbit  1 1 8:  control  (of  line)  is  subtracted 
from  image  at  0.1  sec  of  irradiation. 

(b)  For  subtraction  image  temperature  of  spot  identified,  by 
crossed  iines  at  highest  peak  of  temperature  elevation. 
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Fig.  15  Scanning  electron  microscopy  of  the  epithelium  surface  of  the  cornea 
damaged  to  simulate  accidental  exposure  to  millimeter  waves. 

(a-c)  In  the  irradiated  area,  damage  occurred  in  an  oval  area  positioned 
across  the  border  between  quadrant  1  and  4,  with  the  border  equally 
dividing  the  oval  damaged  area  along  its  short  axis.  (Fig.  ABC). 
Several  other  point  areas  of  damage  occurred  at  pits  in  adjacent 
areas,  and  peculiar  tracks  not  found  in  unirradiated  samples  were 
also  found.  Magnifications  are  indicated  on  the  scanning  electron 
microsope  pictures  by  the  scale  bar: 

epithelial  surface  (a)  a  portion  of  the  large  approximately  oval  area 
of  damage  from  quadrant  1 . 

(b)  a  higher  magnification  view  of  (1). 

(c)  an  area  of  pit  damage  in  quadrant  1 . 
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Fig.  16  Scanning  electron  microscopy  of  the  endothelial  surface  of  the  cornea 
damaged  to  simulate  accidental  exposure  to  millimeter  waves. 

At  the  endothelial  surface  an  unusual  bulge  in  the  endothelial  cellular  sheet 
may  indicate  the  force  or  pressure  which  was  exerted  by  the  exposure  to 
the  pulsed  millimeter  wave  beam.  That  this  is  a  bona  fide  bulge  was  shown 
by  its  behaviour  on  exposure  to  the  electron  beam  in  the  scanning 
microscope,  which  produced  a  dimple  in  the  bulge. 

(a)  A  portion  of  the  approximately  oval  bulge  from  quadrant  2. 

(b)  The  same  bulge  shown  in  Fig.  5  after  depression  by  the  force  of  the 
electron  beam. 

(c)  The  contour  map  of  (6)  illustrating  its  central  depression  caused  by 
the  electron  beam. 
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Fig.  1 7  Light  microscopy  of  damaged  area  fixed  after  exposure  to  millimeter  waves 
irradiation  as  described  in  figures  1 5  and  1 6  above. 

(a-e)  In  the  oval  area  no  epithelial  cells  were  seen  covering  the  oval  area, 
(Fig.  A)  while  at  the  borders  of  the  area  finger-like  projections  of  the 
corneal  stroma  covered  with  one  layer  of  epithelial  cells  instead  of 
the  usually  multilayered  structure  of  the  epithelium.  The  stroma  has 
apparently  been  disrupted  so  that  it  appears  to  have  flowed  or 
snapped  back,  like  a  rubber  band  suddenly  released  from  tension, 
to  form  the  underlying  support  of  these  cells,  while  retaining  its 
layered  structure: 

A.  Central  region  of  lesion  showing  complete  removal  of 
epithelium  from  stromal  surface. 

B.  Montage  of  section  through  the  strip  at  the  border  of  the 
junction  between  quadrants  1  and  4,  illustrating  (top  of 
montage)  finger-like  projections  of  the  corneal  stroma  covered 
with  one  layer  of  epithelial  cells  instead  of  the  usual 
multilayered  structure  of  the  epithelium.  The  stroma  has 
apparently  been  disrupted  so  that  it  appears  to  have  flowed 
or  snapped  back,  like  a  rubber  band  suddenly  released  from 
tension,  to  form  the  underlying  support  of  these  cells,  while 
retaining  its  layered  structure. 

C.  A  higher  magnification  view  of  (8)  showing  the  finger-like 
projection  with  its  single  layer  of  epithelium  surrounding  the 
disrupted  layers  of  stroma. 

D.  An  area  near  the  projections  in  (8)  and  (9)  shows  the 
multilayered  epithelium  which  in  places  is  thinned  due  to  the 
outward  projections  of  stromal  material,  and  illustrates  the 
large  lakes  of  fluid  of  different  refractive  index  from  the 
surrounding  stroma.  These  lakes  would  interfere  significantly 
with  vision  because  of  the  light  scattering  and  reflections  (due 
to  differences  in  refractive  index  they  would  cause  in  the 
affected  area  of  the  cornea. 

E.  The  endothelial  side  shown  below  in  this  montage,  also 
appears  to  have  been  damaged  (layer  disruption  at  left  of 
photo),  and  projects  outward  from  the  stromal  surface. 


